This review reports an overview and development of micro-gyroscope. The review first presents different types of micro-gyroscopes. Micro-gyroscopes in this review are categorized into Coriolis gyroscope, levitated rotor gyroscope, Sagnac gyroscope, nuclear magnetic resonance (NMR) gyroscope according to the working principle. Different principles, structures, materials, fabrications and control technologies of micro-gyroscopes are analyzed. This review compares different classes of gyroscopes in the aspects such as fabrication method, detection axis, materials, size and so on. Finally, the review evaluates the key technologies on how to improve the precision and anti-jamming ability and to extend the available applications of the gyroscopes in the market and patents as well.
Introduction
A micro-gyroscope which can measure angular rate or angle is a kind of device combining gyroscope technology with MEMS technology [1] . The volume of early gyroscopes is generally larger, which can be called macroscopic gyroscopes. For example, ball electrostatic gyroscopes and most ring laser gyroscopes are macroscopic gyroscopes. However, a large volume results in poor portability, and improvement of sensitivity. In the past three decades from the emergence of the silicon vibrating micro-gyroscope, the micro-gyroscope technology has changed with each passing day. Especially, the micro-gyroscope shows advantages on its miniaturization, low-cost and low-power in applications such as defense and consumer electronics.
Micro-gyroscopes can be used in automotive applications, such as anti-rollover systems, antiskid control and electronic stability control. Some consumer applications are camera stabilization, cell phone stabilization, virtual reality (e.g., head-mounted displays), inertial mouse and navigation for portable electronics. Moreover, the attitude control systems which include inertial sensors can also be used in robotics applications. In addition, micro-gyroscopes have a wide range of military applications on missiles navigation, aeronautics and astronautics, stable platform, GPS and so on.
Different gyroscopes have different precisions, with different precisions corresponding to different application fields. Nowadays, most of the low performance rate-grade gyroscopes are mainly used in automobile industry and consumer electronics. Atom gyroscopes can achieve the highest performance in the laboratory but optical gyroscopes and electrostatic gyroscopes are the most accurate gyroscopes available in the market.
Ring laser gyroscopes have demonstrated inertial-grade performance, while fiber-optic gyroscopes are mainly used in tactical-grade applications. However, these high performance gyroscopes' applications are limited because they are too expensive and bulky. With the increasing requirement of high performance gyroscopes, markets of micro-gyroscopes based on new principles and new materials show staggering growth [102] .
To date, a great variety of micro-gyroscopes is reported. In 1999, both [2] and [4] reviewed the silicon micromachined gyroscopes, especially [2] introduced the majority of vibrating micromachined gyroscopes based on Coriolis effect. In the 1980s and 1990s, both [5] and [6, 106] gave an overview of fiber-optic gyroscopes. In 2001, [3] presented the trends of interferometric fiber-optic gyroscopes and microoptical gyroscopes. However, no comprehensive paper on micro-gyroscopes such as vibrating mechanical gyroscopes, levitation gyroscopes, optical gyroscopes and other technology gyroscopes has been presented in the last ten years. We generalize recent micro-gyroscopes that have appeared in recent years, review different categories of gyroscopes and point out their key technologies.
Micro-gyroscopes in this review are categorized into Coriolis gyroscope , levitated rotor gyroscope , Sagnac gyroscope [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] and nuclear magnetic resonance (NMR) gyroscope [99] [100] [101] according to working principle. Coriolis effect gyroscopes include most micro-machined vibrating gyroscopes, thermal convective gyroscopes, piezoelectric vibrating gyroscopes. Micromachined vibrating gyroscopes can further be categorized by the structure of the vibrating element into gimbal gyroscopes, tuningfork gyroscopes, vibrating ring gyroscope, vibrating wheel gyroscopes and so on.
Levitated rotor gyroscopes mainly include magnetic levitation and electrostatic levitation gyroscopes. Sagnac effect gyroscopes generally include micro-optical mechanic electronic system (MOMES) gyroscopes and atom gyroscope. Table 1 describes the categories presented in this review.
Performance index
Resolution, scale factor, zero-rate output (ZRO) and bias drift are the most important factors that determine the performance of a gyroscope. Resolution is defined as the minimal input rate increment in the regulated input rate. Scale factor is defined as the amount of change in the output rate per unit change of rotation rate and is expressed in V/( • /s). ZRO, which represents the output of the device in the absence of a rotation rate, is defined by device imbalances. In the absence of rotation, the output rate of a gyroscope is a random function that is the sum of white noise and a slowly varying function. The white noise defines the resolution of the sensor and is expressed in terms of the standard deviation of equivalent rotation rate per square root of bandwidth of detection ((
The so-called 'angle random walk' in
• / √ h may be used instead. The peak-topeak value of the slowly varying function defines the short-or long-term drift of the gyroscope and is usually expressed in • /s or • /h [2] . Based on gyroscopes' performance, they can be classified into three different categories: inertial-grade, tactical-grade and rate-grade devices. Table 2 summarizes the requirements for each of these categories [2] . Figure 1 shows typical mechanics models of the Coriolis effect gyroscope [7] . The proof mass m is supported by two springs, respectively. Assume that the X axis is the driving direction, Y is the sensing direction, and
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where A x is the amplitude, ω x is the driving angular rate. When there is an angular rate input rotation around the Z axis, this will cause Coriolis acceleration along the Y detection axis:
We can increase displacement along Y to detect the angular rate conveniently. Through calculation, when the two modes are matched, that is ω x = ω y , the amplitude along Y achieves the maximum, while the bandwidth achieves the minimum. In general, we should mismatch the driving mode and sensing mode to optimize sensibility and bandwidth.
Vibrating micromachined gyroscope.
Gimbal gyroscopes. Charles Stark Draper Laboratory first developed double-gimbal bulk-silicon micomachined gyroscope supported by torsional flexures successfully in 1991 [8] , with the vibrating mechanical element made from p++ silicon. A SEM photograph of the device is shown in figure 2(a). The outer gimbal is driven at a constant amplitude by electrostatic torque using the drive electrodes, and this oscillation is transferred to the inner gimbal along the stiff axis of the inner flexures. When it is exposed to a rotation normal to the plane of the device, the Coriolis force causes the inner gimbal to oscillate with a frequency equal to the drive frequency. Therefore, maximum resolution is obtained when the outer gimbal is driven at the resonant frequency of the inner gimbal. In a practical application, the device is operated by closed loop and the inner gimbal is rebalanced to null in phase and in quadrature. Initial test data showed a noise-limited rate detection capability of 4
• /s at a 1 Hz bandwidth. Alper et al of Middle East Technical University developed a planar double-gimbal gyroscope based on a standard threelayer polysilicon surface micromachining process in 2000 [9] . However, the small layer thickness and buckling problem are two difficulties in the processes. As shown in figure 2(b), the structure provides large drive and sense capacitance values allowing the structure to be excited with practical voltage levels and increasing its sensitivity to angular rate. In addition, it allows us to electrostatically control the resonant frequencies of the drive and sense modes. When the outer gimbal is excited to vibrate torsionally and an input rotation rate is applied around an axis vertical to the substrate, the inner gimbal starts vibrating torsionally. The fabricated structures are tested and when the frequency mismatch is 4.65% for these two modes, the readout circuit can detect capacitance changes smaller than 0.1 fF and provide a sensitivity of 45 mV/fF. Japanese researcher Kazusuke of Hyogo University demonstrated a double-gimbal gyroscope in 2005 [10] . The difference from the two above is that the device has inner and outer gimbals with independent coils (inner and outer coils), and the gimbals are perpendicularly supported by torsion bars, as shown in figure 2(c). In the parallel magnetic field, the reference vibration of the inner gimbal is introduced by electromagnetic force from the inner coil, and displacement [14] Samsung 1998 700 μm × 600 μm -Surface-micromachining Z Polysilicon of the outer gimbal by the Coriolis force is detected by electromotive force at the outer coil. The direction of the applied magnetic field is tilted by 45
• from the torsion bars. Experimental results show the emf at the outer coil is 0.87 mv rad −1 s −1 , agreeing well with the theoretical value. The nonlinearity is less than 1% for applied rate over ±360
• /s. The equivalent noise is 0.004
• /s at 1 kHz. Table 3 shows the comparison of gimbal gyroscopes mentioned above.
Tuning-fork gyroscopes. In 1993, Draper reported an improved 1 mm silicon-on-glass tuning fork gyroscope fabricated through the dissolved wafer process [11] . The silicon-on-glass technology used in this device has the advantage of low stray capacitance. This gyroscope was electrostatically driven and capacitively monitored. Any rotation in the plane of the substrate perpendicular to the drive mode will then excite the out-of-plane rocking mode of the structure. Figure 3(a) shows an SEM view of the device with a perforated mass to minimize damping. At pressures of 100 mTorr, a quality factor (Q) of 40 000 was observed for the drive mode and 5000 for the sense mode. The noise equivalent rate observed by this structure was equal to 0.02
• /s in a 1 Hz bandwidth or angle random walk of 0.72
• / √ h. The scalefactor accuracy was better than 0.1%, and bias stability was 55
• /h overnight. Figure 3 (b) shows a yaw rate silicon micromachining sensor reported by Bosch company in 1998 [12] . This device can achieve amplitudes as large as 50 μm using a permanent magnet mounted inside a metal package. It was fabricated through a combination of bulk and surface micromachining processes. It consists of two bulk-micromachined oscillating masses and two surface-micromachined accelerometers. The sensitivity can achieve18 mV/
• /s. The device resolution is 0.3
• /s at a 100 Hz bandwidth because of the large amplitude. The large amplitude can increase output signal and power consumption. It also can cause fatigue problems over longterm operation. The mechanical suppression of the mechanical crosstalk between the oscillator and the Coriolis sensing accelerometer was more than 8000. The temperature drift of the offset of the yaw rate sensor is less than 0.5
• /s without any temperature compensation.
In 2004, Georgia Tech presented a high-Q in-plane SOI tuning fork gyroscope that has the potential of attaining subdeg/h rate resolutions unlike previously reported tuning fork gyroscopes [13] . As shown in figure 3(c), the proof masses are driven at resonance along the x-axis, and the Coriolis acceleration induced by rotation around the z-axis is sensed capacitively along the y-axis. To achieve sub-deg/h rate resolutions, a vibratory gyroscope must attain very high Q, large sense capacitances, large proof mass and large drive amplitude. The two-mask process is very simple and precludes the requirement of any perforations in the proof mass, resulting in a larger mass per unit area. The drive and sense resonant modes were balanced electrostatically to within 0.07% of each other and the measured rate results show a sensitivity of 1.25 mV/
• /s in a bandwidth of 12 Hz. Theoretical Brownian noise floor with matched modes is 0.3
• /h/ √ Hz. Electronic noise floor when input reference noise is 1 μV/ √ Hz is 0.02
• /h/ √ Hz. ADI Company reported tuning-fork ADXRS series z-axis gyroscope which is first integrated on a single 3 mm × 3 mm chip with a 3 μm BiCMOS process [15] . It has a 4 μm thick polysilicon structure, 5 V 6 mA supply, 12.5 mV/
• /s sensitivity, 10 000 : 1 dynamic range, 30 000 g shock survival, and −55
• C to +85
• C operating temperature. In addition, a surface-micromachined z-axis device was reported by Samsung [14] , with a 7 μm thick polysilicon resonating mass supported by four fishhook-shaped springs. This device, though not integrated with electronics, has demonstrated a resolution of 0.1
• /s at 2 Hz, an operating bandwidth of 100 Hz, and a linearity of 1% full scale in a range of 90
• /s. Table 4 shows the comparison of tuning-fork gyroscopes mentioned above.
Vibrating-ring gyroscopes. General Motors and the University of Michigan first developed the vibrating ring gyroscope [16] [17] [18] , as shown in figure 4 . The vibrating ring gyroscope consists of a ring, eight semicircular support springs, and drive, sense and control electrodes. The ring is electrostatically vibrated into the primary flexural mode with fixed amplitude. When the device is subjected to rotation around its normal axis, Coriolis force causes energy to be transferred from the primary mode to the secondary flexural mode, which is located 45
• from the primary mode, causing amplitude to build up proportionally in the latter mode which is capacitively monitored.
In 1994, the first micromachined version of the vibrating ring gyroscope was fabricated by electroforming nickel into a thick polyimide (or photoresist) mold on a silicon substrate in a post-circuit process [16] . However, the nickel electroforming technology used for this device poses several drawbacks to improved device performance, including: (1) only large ring-to-electrode gap spacing is achievable in the conventional electroplating process, which results in a small sense capacitance; although this could be overcome by more sophisticated technologies like LIGA, it is not desirable to use these because of cost considerations; (2) the thermal expansion coefficient of the silicon substrate is different from the sensor element, which was made out of nickel. Therefore as the temperature changes, the ring expands (or shrinks) more than the electrodes, which are attached to the substrate, causing the ring-to-electrode gap spacing to change; this in turn results in an increased temperature sensitivity of offset and scale factor; and (3) worse material properties of nickel result in lower Q, and higher potential for creep, fatigue and long-term drift.
To improve performance further, researchers from University of Michigan reported a polysilicon ring gyroscope (PRG) fabricated through a single-wafer, allsilicon (HARPSS), high-aspect-ratio p++/polysilicon trenchrefill technology in 2001 [17] . This all-silicon singlewafer technology provides several important features: (1) polysilicon ring structure and the surrounding electrodes are thicker; (2) since the ring to sense-electrode gap spacing is defined by the thickness of the sacrificial layer, it can be reduced to submicron level; these two factors together will significantly increase the sense capacitance and hence the device output signal; (3) the structural material is polysilicon which has a high-Q and an orientation independent Young's modulus; (4) it improves long-term stability and temperature sensitivity. An open-loop sensitivity of 200 μV/
• /s in a dynamic range of ±250
• /s was measured under low vacuum level. The resolution for a PRG with a Q of 1200, drive amplitude of 0.15 μm, and sense node parasitic capacitances of 2 pF was measured to be less than 1
• /s in 1 Hz bandwidth, limited by the noise from the circuitry. Elimination of the parasitic capacitances and improvement in the quality factor of the ring structure are expected to reduce the resolution to 0.01
• /s/ √ Hz. To further improve the performance of a ring gyroscope to provide a resolution of 1-l0
• /h, the vibrating mass and sense capacitance have to be increased. In 2002, University of Michigan reported a high-performance vibrating ring gyroscope fabricated in (1 1 1) oriented single-crystal [18] . Silicon DRIE is used to provide high aspect ratio structures to increase the sense capacitance and vibrating mass. The silicon is bonded to a support glass substrate (silicon-on-glass, SOG), which minimizes parasitic capacitance to improve sensitivity. The gyroscope has the following measured performance: high Q (12 000), good nonlinearity (0.02%), large sensitivity (132 mV/
• /s), low output noise (10.4 • /h/dHz) and high resolution (7.2
• /h). The maximum bias shift is less than ± l
• /s over 10 h without thermal control.
Apart from University of Michigan, there are still other labs studied vibrating ring gyroscopes such as British Aerospace Systems and Equipment (BASE) [17, 19] , Taiwan NCTU [21] , USA Delphi Labs [20] and Georgia Tech [22] . BASE has developed a gyroscope with a reported rms noise floor of 0.15 s −1 in a 30 Hz bandwidth and an in-run drift of approximate 0.05 s −1 [17] . This device was fabricated through deep dry etching of 100 μm thick silicon wafer which was then anodically bonded to a glass support wafer. Table 5 shows the comparison of vibrating ring gyroscopes mentioned above.
Multi-axis input gyroscopes. The vast majority of research has focused on single input axis rate gyroscopes. Dual-and multi-input axes have the advantage of lowering cost and increasing efficiency.
UC Berkeley presented a dual input axis vibrating wheel gyroscope which was fabricated by surface micromachining [23] . A 2 μm thick polysilicon disk with a 150 μm radius serves as an inertial rotor. As depicted in figure 5 (a), this inertial rotor is suspended 1.6 μm above the substrate by four symmetrically placed beams anchored to the substrate. When the inertial rotor is resonating around the z-axis, any rotation rate of the substrate about the x/y-axis will induce a Coriolis angular acceleration about the y/x-axis. This device, integrated with electronics, yielded a random walk as low as 10
• / √ h with cross-axis sensitivity ranging from 3% to 16% during open-loop operation. Resolution can be further improved to 2
• / √ h by frequency matching at the cost of excessive cross-axis sensitivity. Samsung also reports a dualaxis micro-gyroscope which is fabricated with a 7 μm thick polysilicon layer deposited by LPCVD shown in figure 5(b) . The micro-gyroscope is based on the angular vibration of the four plates with closed-loop rate detection. The experiment resulted in a noise equivalent signal of 0.1
• /s [24] . Another dual axis gyroscope was fabricated by nickel deposition and nickel plating on glass substrate. From the results of testing, an angular rate detection sensitivity of 0.l mV/
• /s is obtained [25] .
A multi-axis motion sensor is eagerly required to minimize the size and cost of the system. WACOH corporation has succeeded in measuring 5-axis motion independently with one unit of sensor chip, which is made by silicon bulk-micromachining technology [26] . The 5-axis motion is composed of 3-axis acceleration and 2-axis angular rate. This 5-axis motion sensor consists of glass-silicon-siliconglass layer. Test shows that the sensitivities of x and y were 6.8 mV/
• /s and 7.0 mV/ • /s, respectively. The cross-axis sensitivity of x against y is less than 3%. The cross-axis sensitivity of z against x and y is almost 0%.
Because this sensor has some difficulties in sealing and accuracy improvement, they are developing a new 5-axis motion sensor fabricated by SOI bulkmicromachining [27] . There is glass, SOI, glass from top to bottom. The sensor chip is minimized to 5.0 × 5.0 × 1.7 mm 3 . By using an electrostatic resonant drive at Decoupling gyroscopes. Quadrature signal and Coriolis offset are two important factors influencing the performance of vibrating gyroscopes [7] . In fact, ideal drive motion is never achieved and the drive displacement will have a vector component in the sense direction. Like the Coriolis motion, this displacement along the sense direction will be at drive frequency. Hence, this error signal will corrupt the desired Coriolis motion signal. This error is called quadrature signal since there is a 90
• phase difference between quadrature and the desired Coriolis output. Coriolis offset is another error signal which appears at the output at drive frequency. Coriolis offset arises when the drive force has a component along the sense direction. One of the methods to reduce the two errors mentioned above is through signal controlling. Another elegant solution to suppress the quadrature error in gyroscopes is through a clever design of mechanical suspension. Mechanical decoupling structure with different degrees of freedom (DOFs) can effectively lower the quadrature error and the Coriolis offset. Figure 6 shows the principle of different decoupling styles.
The principles mentioned above were developed by HSG-IMIT of Stuttgart University in 1996 and 2000, respectively. As shown in figure 6 (a), HSG-IMIT filed a basic patent aiming to decouple the driving and sensing mechanism. This is achieved by two movable masses and three springs. The design principle is called decoupled angular velocity detector (DAVED). It is shown that the quadrature signal is reduced by a factor of 5. The design principle in figure 6 (b) shows a logical further improvement on the previous design. By using three movable masses and four springs, a real one-dimensional motion of the driven and detection element was achieved.
The first measurement of DAVED was reported at MEMS'98 of IEEE. This device shown in figure 7(a) is called MARS-RR [28] , which is manufactured within the Bosch Foundry process. When it is placed in a vacuum chamber at a pressure of 10 −2 mbar, the test shows random walk and bias stability as low as 0.14 • /h and 65
• /h, respectively. The rate equivalent rms noise corresponds to a resolution of 0.05
• /s in a 50 Hz bandwidth. Because of decoupling the mechanical and electromechanical modes crosstalk, one main error source of micromachined gyroscopes can be reduced and therefore the ZRO almost disappears. One year later, HSG fabricated a system DAVED which consists of a vacuum packaged sensordie and a discrete readout electronics delivering an analog output signal [29] . The noise equivalent rate in a 50 Hz bandwidth corresponds to 0.1
• /s. The resolution is 0.008
• /s and the bias stability over the temperature range of −20
• C to 70
• C is less than ±1.1 • /s. In 2002, HSG reported the so-called DAVED-LL decoupled gyroscope which was fabricated using SOI technology [30] . The LL-structure is shown in figure 7 (b). Separated springs decouple the drive and sense modes. The LL-structure has an advantage over the RR-structure that no substrate electrodes are required. The test shows a RMS noise below 0.025
• /s (50 Hz bandwidth) and a bias stability of ±0.3
• /s over the temperature range. Further, a novel and advanced design concept was presented which can be viewed as a doubly decoupling scheme shown in figure 7(c).
Acar et al from Irvine University of California reported a novel micromachined gyroscope design that provides enhanced decoupling of the drive and sense modes, and increased actuation and detection capacitances beyond the fabrication process limitations in 2005 [31] .
The novel decoupling mechanism is based on providing 2-DOF oscillation capability to the gyroscope proof mass, while the degrees of freedom of the actuation and detection electrodes are restricted to 1-DOF, as shown in figure 7 (d). The decoupling mechanism minimizes the effects of fabrication imperfections and the resulting anisoelasticities, by utilizing independent folded flexures and constrained moving electrodes in the drive and sense modes. Bulkmicromachined prototype gyroscopes have been fabricated, and the experiment shows that over an order of magnitude of capacitance increase is achieved in the same footprint of the device, without additional fabrication steps. A noise floor of 0.25
• /s/ √ Hz was demonstrated at 50 Hz bandwidth in atmospheric pressure.
Similar symmetric structures were also presented by Middle East Technical University of Turkey [32, 33] . They fabricated gyroscopes using a standard three-layer polysilicon surface micromachining process (MUMPs) and nickel electroforming process. The improved gyroscope in 2006 has a 18 μm thick nickel structural layer with 2.5 μm capacitive gaps providing an aspect ratio above 7 which demonstrates a noise-equivalent rate of 0.095 ( • /s)/ √ Hz and short-term bias stability better than 0.1
• /s. The nominal scale factor of the sensor is 17.7 mV/
• /s in a measurement range of ±100
• /s, with a full-scale nonlinearity of only 0.12%. An estimated noise-equivalent rate is better than 0.05 (
• /s)/ √ Hz in a narrowed response bandwidth of 10 Hz.
There are still many labs researching on decoupling gyroscopes, for example, Yokohama Technical Center of Japan [34] , UC Berkeley [35, 36] , Seoul University of Korea [37] , Samsung company [38] , and so on. The comparison of some parameters is listed in table 7.
Other gyroscopes based on Coriolis effect. In 1997, California Institute of Technology presented a packaged silicon clover-leaf gyroscope for spacecraft [39] . This gyroscope, which was fabricated by bulk-micromachining, consists of three major components: the silicon cloverleaf structure, the silicon base plate, and the metal post shown in figure 8 . The clover leaves provide large areas for electrostatic drive and sensing at the lowest resonant modes. The post provides a large Coriolis force coupling between the orthogonal normal modes when the gyroscope rotates about the post-axis.
All the components are packaged in a housing of approximately 1 × 1 × 0.7 inches in dimensions.
This packaged micro-gyroscope has a 7 Hz split between its drive and sense modes and has a scale factor of 24 mV/
• /s, a bias stability of 70
• /h, and an angle random walk of 6.3
• /h. The improvement of this device also has a very small temperature-dependent frequency shift of 0.23 Hz/
• for both the drive and sense modes.
HRL Lab of USA developed a tunneling-based sensor that employs the high displacement sensitivity of quantum tunneling to obtain the desired resolution [40] . The design consists of a single Ni cantilever beam, electrodes and Au tunneling tips shown in figure 9 . The fundamental operation of the devices is based on oscillating a cantilever beam parallel to a Si substrate, when there is an angular rate input around the axes of the cantilever beam, and the gyroscope will yield a displacement due to the Coriolis force. The output signal is obtained by monitoring the produced tunneling current between the tips and cantilever beam. The first tested devices with 300 μm long cantilevers have demonstrated 27
• /h/ √ Hz noise floors. Measurements indicate that this value can be reduced to near the thermal noise floor of 3
• /h/ √ Hz with a closed loop servo.
3.1.2.
Piezoelectric vibrating gyroscopes. Unlike conventional vibrating micromachined gyroscopes, a piezoelectric vibrating gyroscope which does not need a suspended mechanical structure adopts the piezoelectric material as the vibrating substance. They can resist highshock, have high reliability and sensibility in no-vacuum package. Researchers have developed several piezoelectric gyroscopes such as fused quartz HRG by Delco [41] , quartz tuning forks [42] like the Quartz Rate Sensor by Systron Donner [43, 44] , and the piezoelectric vibrating disc gyroscope [45] . However, due to the quartz batch processing not being compatible with IC-fabrication technique, their market application is unpromising. Two important piezoelectric gyroscopes named as SAW gyroscope and a novel PZT gyroscope have appeared in recent years.
In 1978, Sethares [46] presented a velocity and position measurement device achieved by a SAW resonator. On a movable SAW propagation surface, a surface acoustic standing wave field was established and the movement of the propagation surface causes periodic variations in the standing wave field amplitude. A SAW gyroscope, that detects a change in propagation velocity of SAW as a function of rotational velocity of a medium in which SAW propagates, is presented by Binneg [47] . Here a fixed frequency oscillator generates SAW and the change is velocity due to rotation is detected as a phase shift between the generated and detected waves. In 1997, Kurosowa et al proposed a completely novel design concept of IDT-SAW gyroscope which includes inter-digital transducers (IDTs), reflectors, and a metallic dot array within the cavity [48] . The IDTs and reflectors are fabricated through micro fabrication techniques on the surface of a piezoelectric substrate, 128
• YX LiNbO3. The transmitter IDT creates SAW that propagates back and forth between the reflectors and forms a standing wave inside the cavity due to the collective reflection from reflectors. SAW reflection from individual metal stripes adds in phase if the reflector periodicity is equal to half a wavelength. For the established standing wave, a typical substrate particle at the nodes of standing wave has no amplitude of deformation in the z-direction. However, at or near the anti-nodes of the standing wave pattern, such particles will experience larger amplitude of vibration in the z-direction, which serves as the reference vibrating motion for this gyroscope. Despite fabrication, the Kurosowa gyroscope did not obtain any output signal; the improvement in Pennsylvania State University fabricated the first 1 cm × 1 cm sample gyroscope which has a sensitivity of 705 μV/
• /s at a detectable resolution of 137
• /h shown in figure 10(a) [49] . After two years, Jose et al optimized the SAW gyroscope using coupling-of-modes (COM) theory which can be competitively priced, inherently rugged, reliable and very sensitive. It is also capable of being wirelessly interrogated, without any sensor power source [51] . Woods et al also studied the SAW gyroscope but did not obtain the expected result [50] . IDT-SAW gyroscopes face many difficulties to overcome, such as low output voltage, low temperature stability for piezoelectric materials of high coupling factor. Comparison of the three units' research is listed in table 8.
In 2007, Lee et al from Ajou University reported a new kind of SAW micro rate gyroscope (MRG) based on SAW gyroscopic effect which originates from the rotation effect of a wave shown in figure 10(b) [52] . A rotation vector perpendicular to a propagating axis causes a velocity change proportional to the input rotation through the Coriolis force because the particle of the Rayleigh wave is elliptically polarized on the sagittal plane [53] . Therefore, these devices detect the frequency rather than the minute amplitude of a SAW and can use a temperature-stable material like ST-cut quartz regardless of the piezoelectric coupling coefficient. Figure 10 (c) illustrates the structure of the SAWMRG which consists of a delay-line structure, the low temperature cofired ceramic (LTCC ) package and a cover glass. The oscillator operates at two fundamental frequencies. If the device is subjected to rotation around the y-axis, the operating frequency of the oscillator would vary according to the gyroscopic gain factor. Then the output signals of both oscillators are fed into a multiplier and a band pass filter for extracting the frequency variation. Consequently, the angular rate of the SAWMRG can be sensed through measuring the frequency variation. The SAWMRG is fabricated simply through the metallization and photolithography process. The performance of the SAWMRG revealed a sensitivity of 0.431 Hz /
• /s in the angular rates up to 2000
• /s and a white noise of 0.55
• /s/ √ Hz, respectively. The University of Hyogo reported a gyroscope, which was composed of only prism-shaped bulk-PZT (lead zirconate titanate: piezoelectric material) with some electrodes on its surface [54] . This device has no part to fail or be influenced by acceleration or shock because it has a solid body. In the device, the longitudinal vibration mode of a solid is used for reference vibration which is required for generating the Coriolis force. This very simple and massive structure increases not only the resistance against shock but also the productivity. In higher order resonance mode, 29th, there is a mode shape as shown in figure 11 , where the movements of the mass elements are almost along the x-direction and differential in the sides of the prism. In this resonance mode, the device becomes to be sensitive to the applied angular velocity. The circuitry contains self-oscillation using a direct digital synthesizer (DDS), addition/subtraction circuits for removing common mode signal, filter, amplifier and synchronous demodulator. The size of the test device is about 3 × 4 × 5 mm 3 , which has some shift with the calculations. We can improve the process accuracy and redesign the control circuitry to increase the sensing characteristics of the system. In 2009, Shanghai Jiao tong University (SJTU) of China designed a PZT microgyroscope which can detect the x and y axes [55] . However, this review did not give a fabrication process.
3.1.3.
Thermal convective gyroscope. Vibrating micromachined gyroscopes always have moving parts which have some problems such as potential fragility, low shock resistance, squeezed-film air damping and vibration noise. If we exchange the proof mass which is linked with the suspended structure with fluid, this problem will be improved. A gas gyroscope based on the thermal convective principle was developed by utilizing a hotwire anemometer as the sensing principle. Ritsumeikan University of Japan developed a dual-axis gas gyroscope consisting of two main parts [56] . The first part is a piezoelectric diaphragm pump, which is oscillated to create a continuous gas flow. The second main part is the hotwire, whose working principle is based on thermo-resistance effect in silicon. As angular rate is applied, the gas flow direction is deflected due to the Coriolis acceleration. Because of the cooling effect, the resistances of the two thermistors change oppositely, which are sensed by the Wheatstone bridges shown in figure 12 (a). To eliminate the piezoresistive effect, the hotwires are aligned along 1 0 0 and 0 1 0 directions in the (0 0 1) silicon plane. To obtain the desired TCR value, 5 × 10 16 atoms cm −3 of impurity concentration in silicon was selected. Monitoring shows that the sensitivity is 0.15 mV/
• /s, and nonlinearity is smaller than 0.5% FSO. The initial design of the thermistor is a p-type silicon wire with dimensions of 400 × 4 × 2 × μm 3 . In the following year, they optimized several designs of the sensing element [57] [58] [59] , especially in the 2007 design shown in figure 12(b) [59] , the sensing element whose size is minimized to 250 × 12 × 5 μm 
Micro-gyroscopes based on levitation effect
Almost all reported micromachined gyroscopes are vibratory gyroscopes, which are based on the transfer of energy between two vibration modes, excited drive mode and sense mode, of a vibrating mechanical structure caused by Coriolis acceleration. It is difficult to reach tactical-grade and inertialgrade performance with these kinds of gyroscopes because of the structural constraint. If the proof mass is levitated and rotated with some forces, a gyroscope with a free rotor based on the principle of a classic rotational gyroscope potentially has a higher performance than vibratory gyroscopes. In this part we mainly introduce levitated gyroscopes with rotational rotor using magnetic and electrostatic forces. [61] . Working on the principle of a classic spinning gyroscope, a levitated rotationalgyroscope/accelerometer usually consists of a spinning rotor and stators that maintain the rotor at its null position by applying closed-loop levitation control. When the gyroscope rotor is maintained at its null position, an angular momentum vector H produced by the spin motion of the gyroscope rotor is oriented in the upper direction along the Z axis. As shown in figure 13 , when an angular rate orthogonal to the spinning axis, such asφ y around the Y axis, is applied, the gyroscope case will be displaced around the Y axis. The rotor will have an angular displacement around the Y axis, and corresponding to this angular displacement, a precession moment M x around the X axis will be applied by the levitation control. This rebalancing moment M x causes the spin axis of the gyroscope rotor to make a precession around the Y axis, thus the angular displacement between the rotor and the gyroscope case will be canceled out, and the rotor will be returned to its null position relative to the gyroscope case. In terms of the magnitude of the moment M x , the input angular rateφ y will be expressed aṡ
Operational principle
Here, the angular momentum H of the gyroscope rotor is expressed as
where I and ω are the spin moment of inertia and the rotational speed of the rotor, respectively. It is similar when an angular rate around the X axis is applied. This gyroscope is used as not only a dual-axis gyroscope but also as a tri-axis accelerometer, which is not a key point in this review.
Magnetic levitated gyroscopes.
Electromagnetic levitated rotor. As early as 1939, the phenomenon that the conducting plate can be levitated stably above two groups of concentric circumferential coils was presented and studied (the ac current in inner and outer coils is in opposite phase) [62, 65] . From 1995, Shearwood et al first realized a similar levitation structure by micromachining technology and predicted that this micro structure can be applied to micromotor, micro-gyroscope [63] , and so on. In 1997, Williams et al split the stator coils into three segments and fabricated successfully a frictionless levitated micromotor with angular velocities in excess of 1000 rpm [64] . But this version of micromotor has no displacement sense system. Shearwood et al developed the levitated micromotor with the displacement sense system [66] . A schematic of the micro-rotating gyroscope is illustrated in figure 14(a) . An application of a high frequency ac current to the stator coil induces eddy currents in the rotor, which interact with the excitation current to produce a repulsive force that levitates the rotor and constrains it laterally. The application of a temporally and spatially phase-distributed current to the stator induces rotation. A micro-cavity provides rotor confinement and hermetic sealing. The stator coil design also includes single-phase and four-phase micromotor as shown in figure 14(b) . Generally, the maximum lateral stiffness is achieved when the edge of the rotor lies approximately one-third of the way across the width of the stability coil. To produce rotation in an n-phase device, it is necessary to split the stator coil into n segments. By temporally displacing the current in each segment by 2π/n, a rotating magnetic flux pattern is produced in the radial coil component, generating a motive torque in addition to levitation. The devices were fabricated on Si (1 0 0) substrates coated with thermal oxide. The aluminum stator was sputter grown to a thickness of typically 5 mm, with the coil pattern defined by reactive ion etching (SiCl 4 ). The widths of the levitation coils and stability coil are 63 and 90 μm, respectively. The micromotors achieved a maximum speed of 1000 rpm in air at levitation frequency 10 MHz and ac frequency 2 MHz. The optical micrograph of a four-phase gyroscope is shown in figure 14(c) . In this micromachined rotating gyroscope, the levitating coils, stability coils and rotation coils are connected in series, so the currents used for levitation and rotation are applied to these coils at the same time, and this has increased the mutual disturbance of ac currents with different frequencies. This design of stator coils also makes it difficult to merge the ac currents with different frequencies in one coil.
In 2006, SJTU reported a micromachined rotating gyroscope with an electromagnetically levitated rotor which separated the rotation coils, levitation coils and stability coils [61] . The structure is made of the cover, micro-rotor (20 μm Al) and stator (coils, sensing electrodes and substrate) and is shown in figure 15 . The fabrication process starts on a cleaned ferrite substrate, and then through the sputtering seed layer, electroplating and so on, the stator is obtained. The evaporation and punching are adopted to fabricate the rotor. Stability test and levitation test agree well with the FEA. A microrotor of diameter 2.2 mm and thickness 20 μm is chosen to measure. A rotation speed of 800 rpm is obtained in atmosphere and when put into vacuum, the largest rotation speed of 4000 rpm and 3
• /s angular rate resolution are obtained.
Milli Sensor Systems and Actuators combined with Air Force Research Laboratory of USA reported a magnetically suspended spinning wheel gyroscope assembled with the magnetic suspension actuator quadrants and the U-shaped segments of the radial air gap drive motor stator as shown in figure 17(a) , which is the exploded gyroscope magnetically suspended wheel and actuator configuration graph [68, 69] . The circumference of the wheel has 'teeth' which, in conjunction with the U-shaped motor stator segments, constitute a multi-phase variable reluctance motor to drive the wheel into rotation. Eight actuator quadrants, four on each side of the wheel, are provided to generate the forces necessary to support the wheel in 5 degrees of freedom. The tangential forces result from the tendency of the actuator and wheel teeth to become aligned under the influence of the magnetic field, because the minimum magnetic energy occurs when the wheel and actuator teeth are perfectly aligned. Four techniques for position sensing are adopted in the test:
(1) adding capacitor electrodes to the actuator stator structure to implement capacitive position sensing; (2) continuously sensing the inductance of the actuators while they are being used to generate force; (3) periodically time sharing the actuators so that they are used for forcing for a part of the period and then used as sensors for the balance of the period; (4) sharing the space allocated to the sensor and actuator stators, providing a portion for forcing and using the balance for sensing. Eight actuator quadrants can make the gyroscope be levitated stably because the magnetic forces generated by the actuator quadrants can be independently controlled, to provide completely three-dimensional magnetic suspension of the wheel. To date, tests on this sample gyroscope have been going on. In addition, the conceptual fabrication process is already designed, a three-layer concept for the fabrication of the gyroscope is shown in figure 17(b) .
Diamagnetic levitated rotor. In 2007, SJTU gave the description of a novel diamagnetic micromotor (shown in figure 16 ) in which the gear-shaped pyrolytic graphite rotor is levitated, rotated and constrained by the combination of static magnetic, electrostatic forces and torques [67] . This micromotor is based on the diamagnetic effect found by Faraday. The micromotor is composed of a levitated rotor and a stator. The rotor is made from pyrolytic graphite and the stator was fabricated by the MEMS process on the silicon substrate. The stator was assembled by the silicon and the two ring-shaped permanent magnets through the SU-8 column post on the back side of the silicon. The rotor has stable equilibrium in the magnetic field. The rotation of the rotor is based on the axial variable-capacitance motor principle. The stator has a 12-pole driving electrode and the rotor has eight driving poles. In air, the rotor reached about 10 rpm under open-loop drive at 30 V. This kind of contact-free micromotor can be widely used as an optical chopper, gyroscope, etc. Closed-loop control of the micromotor and further investigations in vacuum are the subjects of ongoing study. Superconducting gyroscope. Apart from electromagnetic levitation and diamagnetic gyroscopes mentioned above, there is another magnetic levitation gyroscope named the superconducting gyroscope. The Meissner effect can cause the suspension of the superconductor. NASA reported a type of superconducting gyroscope which includes a superconducting rotor, spherical cavity, external magnetic field, superconductor forming magnetic access [70] . The superconducting gyroscope should work under ultralow temperature condition which can generate superconducting effect. Table 10 shows the comparison of magnetic levitation gyroscopes.
Electrostatic levitated gyroscopes.
SatCon company. Early in 1990s, SatCon (USA) demonstrated an integrated, electrostatically suspended and sensed micromechanical rate gyroscope prototype as shown in figure 18(a) , comprising: (a) a disk-shaped rotor with flange, the active conductive layer of which is composed of structural polysilicon and separated from the other conductive layers by an insulating silicon nitride layer; (b) five sets of actuators, required by position control in both axial and radial directions. Three are for the upper and lower axial suspensions so that height and tilt relative to the substrate may be set, and two are for radial centering and driving. The motor drive electrodes transfer the sustaining torque for the spinning element; (c) sensor electrodes which are all placed below the rotor away from axial position; (d) electrode pattern over the substrate additionally which is needed to provide enough distinct current paths for separating the radial position, tilt of the spin axis and the overall actuating electrodes. In a word, the device consists of three types of electroquasistatic components: the motor drive, position sensors, and the non-rotary actuators for rebalance and suspension. The spinning element of the gyroscope is a three-phase bipolar variable-capacitance synchronous motor and the gyroscope is a 'rebalanced' gyroscope which has a control system designed to hold the gyroscope in a constant position while it is subject to external forces. As with suspended macroscopic gyroscopes, the rotor is spun by a motor to produce angular momentum, suspended and controlled by force and torque actuators, and sensed by various position sensors. The structure is fabricated according to current VLSI micromachining methods. The rotor diameter is 200 μm, and performance targets include an angular rate sensitivity of 0.01
• /s at 100 Hz for 8.3 kHz (revolutions/s) spin rate [71] .
Tokimec and Tohoku University. Tokimec corporation has preliminarily studied the electrostatically suspension gyroscope since 1993. Tokimec and Tohoku universities which united in 1995 developed electrostatic gyroscopes whose rotors are disc-shaped and ring-shaped in 2001 and 2002, respectively. Their gyroscopes can detect 3-axis accelerometer and 2-axis angular rate. Today, Tokimec is trying to use the gyroscope in application. Both discshaped and ring-shaped gyroscopes are fabricated using the structure glass-silicon-glass. The rotor is fabricated by DRIE technology with single crystal silicon material [72] [73] [74] [75] [76] [77] .
For disc-shaped rotor gyroscope, as shown in figure 18 (b), the levitation is actively controlled by force balancing in all directions by capacitive displacement sensing and electrostatic actuation. The rotation is based on the principle of a variable capacitance motor. The rotor of diameter 5 mm is fabricated using deep RIE of silicon. The silicon rotor is packaged in a vacuum cavity by incorporating a nonevaporable getter in the cavity in order to prevent viscous dumping. The gaps between the silicon rotor and the electrodes on the glasses are 5 μm. The rotor mainly includes many pairs of levitation electrodes on both sides of the rotor. Similarly, there are many pairs of levitation electrodes on every glass substrate. A micrograph of the rotor is shown in figure 18 (c) [72, 73] . The levitated rotation (10 000 rpm) and the function as a gyroscope and an accelerometer are successfully demonstrated. The electrical feedthrough in the glass can be made using deep RIE (reactive ion etching) of Pyrex glass and electroplating of nickel.
The disc-shaped rotational gyroscope has many advantages. However, levitation control for radial axes requires high voltage. To further improve the device, a new ring-shaped micro gyroscope/accelerometer has radial stators with a narrow gap formed by deep reactive ion etching (RIE) in Japan. In 2003 and 2005, Japan developed two kinds of ring-shaped gyroscopes with different parameters shown in figures 19(b), (c) [75, 76] . As shown in figure 19(a) , the stator electrodes are symmetrically arranged around the ring-shaped rotor to form a capacitor for capacitive detection and electrostatic actuation. This ring-shaped structure can provide (1) variable gap capacitors with narrow gaps to reduce voltages for levitation in radial directions and to increase sense capacitance and (2) a sufficiently large diameter of the rotor with a large moment of inertia about the spinning axis, to achieve high performance. The rotor of 2003 has a diameter of 4 mm, a width of 300 μm, a thickness of 150 μm and a radial gap of 5 μm. Electrodes for axial position control, rotation control and common electrodes are placed on the top and bottom glass plates and 2.5 μm axial gaps are formed. The processes of two gyroscopes are as follows: (1) glass etched to define the capacitance gaps and metals deposited to provide the electrodes and electrode pads; (2) the top glass is anodically bonded with a silicon wafer; (3) the silicon wafer is etched by deep RIE to release the rotor. Simultaneously, islands that serve as feed through and a capacitance gap for radial control are formed; (4) the stacked wafer is then bonded to the bottom glass, which forms a cavity to encapsulate the rotor; (5) the wafer is diced. Figure 19(d) shows the block diagram of the levitation system for the z-axis. The detecting signals, which indicate the position of the rotor along the multiple axes, are obtained from the common electrode via the rotor. The z-axis signal is then low-pass filtered and followed by a proportional-integral-derivative controller and voltage generators. The outputs of voltage generators are summed with a bias voltage and feedback voltages for other axes, and fed back to keep the rotor in the null position. The control for other differential capacitance is in the same way with the z-axis loop. The performance of the device is shown in table 11. In 2007, TOKIMEC company displayed a complex profiling tool of the gyroscope/accelerometer sensor [77] . The integrated control circuit consists of two ASICs and the size is 
Southampton University and SJTU. Early in 2000, Micheal
Kraft et al (University of Southampton) described a systemlevel model for a micromachined disk which is levitated by electrostatic forces and indicated that such a system has many potential applications for inertial sensors such as accelerometers with online dynamic characteristics tuning, gyroscopes if the disk is spun and the precession of the disk induced by the Coriolis force is measured, microfluidic mixers and pumps, frictionless bearings for micro-motors and micro-optical light choppers [78, 79] . The design of an electronic interface for an electrically floating micro-disc is under research [80] . In order to make a prototype, a microfabrication technique for high aspect ratio structures based on micromolding and electroplating using a dry film thick negative photoresist is reported [81] . From 2005, a micromachined electrostatically suspended gyroscope began to be researched. The exploded view of the gyroscope configuration is shown in figure 20 . The gyroscope consists of a disc-shaped proof mass, approximately 200 μm thick and 4 mm in diameter, surrounded by suspension and spin electrodes. Suspension electrodes along the z direction and spin electrodes are located above and underneath the proof mass. At its periphery, the disc is surrounded by electrodes for position control in the x and y axes [79, 82] . In their design, the disc is encaged by electrodes at its top, bottom and periphery.
Electrostatic forces are used to levitate the disc at the center position.
The system configuration of a micromachined spinning gyroscope is incorporated into a -force feedback loop [82, 83] . The principle of such a device is similar to that of the macro-scale electrostatically suspended gyroscope. The disc is levitated electrostatically inside a cavity via voltages applied to feedback electrodes. The disc is then electrostatically rotated at a high speed to generate high angular momentum. When external torques or forces are applied to the body of interest, where the gyroscope is attached, it would cause the levitating disc to move away from the null position. The capacitance imbalance is then converted into a differential electrical signal and amplified by a pick-off circuit. A lead compensator is required for system stability due to the phase-shifting characteristic of the disk comprising double integration. The signal is then digitized by a one-bit quantizer into a digital output bit stream. The output is used to control the feedback electrode voltages to keep the disc processing at the same rate as the body of interest. Consequently, the quantized signal bit stream can be used as a direct measure of the external torques and forces. The experiment is going on at present.
Apart from those mentioned above, SJTU of China also studied a disc-shaped electro-statically levitation gyroscope [61] . The main mechanical design structure of the gyroscope/accelerometer with a nickel rotor employing the SU-8 UV-LIGA technology has a sandwiched glass/nickel/glass bonded structure.
Stator electrodes including four pairs of axial levitation electrodes, three pairs of rotation electrodes, four pairs of radial levitation electrodes and pick-up electrodes are symmetrically arranged around the rotor to form capacitors for capacitive detection, electrostatic levitation and rotation. The levitation of the rotor is servo-controlled by capacitive position detecting and electrostatic actuating radially and axially. The rotation of the rotor is based on the principle of a variable capacitance electrostatic micromotor. The study of the system is going on at present. Another report about electrostatic levitation gyroscope/accelerometer was fabricated by Ball Semiconductor Inc. of USA, and the 3-axis accelerometer has been in commercialization [84] [85] [86] .
Detecting methods discussion.
Detecting methods are strongly connected with the structure of micro-gyroscope based on levitation effect. This part mainly introduces two important detecting methods about differential capacitance detection. The gyroscope model is from Southampton University [83] .
The first one is the common exciting electrodes method. The top and bottom common plates of the sensor are excited with a high frequency signal V IN , and four pairs of electrodes (shown in figure 21(a) ) are used to sense the position of the disc. The signal from the sensing electrodes is applied to a low noise differential pick-off amplifier, which converts the differential capacitance between the top and the bottom plate into a differential voltage. The output of the amplifier is fed to a synchronous demodulator, followed by a low-pass filter. By calculating and simplifying, the input voltage of the differential amplifier can be expressed as
where j means the phase of V prior to V IN 90, and K c is the ratio between exciting electrodes and all electrodes. We can improve detecting sensitivity by optimizing electrodes to some extent. The second is the common sensing electrodes method. The distinction of this method is applying different frequency signals V IN on four pairs of electrodes. Each pair of electrodes including top and bottom electrodes is applied to V IN with opposite polarity and the same amplitude. Then we can detect the differential capacitance signal by common electrode induction (shown in figure 21(b) ). The output voltage of the differential amplifier can be expressed as
We can see the different characteristic forms (5) and (6) above:
(1) for the former, the utilization rate of the electrode's area is lower than the latter; (2) the interface circuit of the latter is easier than the former; (3) for the exciting electrodes method, each DOF detection has a independent detection circuit. It is easier to debug the former circuit. The comparison of the two methods is listed in table 12.
Micro-gyroscope based on the Sagnac effect
Optical gyroscopes based on the Sagnac effect have, for the most part, replaced mechanical (spinning mass) gyroscopes for aerospace guidance and navigation applications. Optical gyroscopes have demonstrated excellent stability (down to 0.001
• /h) and dynamic ranges as large as l0 6 . The two most widely used versions for both civilian and military applications are the ring laser gyroscope (RLG), and the interferometric fiber optic gyroscope (IFOG). With no moving parts in the design, ruggedized versions of RLGs and IFOGs have been produced for severe environments. While these are proven devices, there are limitations to the achievable reduction in size and cost of the RLG and IFOG. In the early 1990s, MEMS technology was identified as a definite growth area, and optical MEMS (also called MOEMS) gyroscopes became the promising inertial sensors in the market because of their smaller size and lower cost. The atom gyroscope is another type of inertial sensor based on the Sagnac effect, which has the potential to reach high performance. 
Operational principle of the Sagnac effect.
The Sagnac effect is a phenomenon encountered in interferometry that is elicited by rotation. The Sagnac effect manifests itself in a setup called ring interferometry, as shown in figure 22 . A beam of light is split and the two beams are made to follow a trajectory in opposite directions. To act as a ring the trajectory must enclose an area. On return to the point of entry the light is allowed to exit the apparatus in such a way that an interference pattern is obtained. The ring interferometer is located on a platform that can rotate. When the platform rotates, the lines of the interference pattern are displaced as compared to the position of the interference pattern when the platform does not rotate. So, one beam has covered less distance than the other. This creates the shift in the interference pattern. The amount of displacement is proportional to the angular velocity of the rotating platform. The Sagnac phase shift, ϕ, is given by ϕ =
8π A λc
, where A is the enclosed area, is the rotation frequency, λ is the wavelength and c is the velocity, respectively [87] .
MOEMS gyroscopes.
The micro optical electromechanical system (MOEMS) gyroscope combining micro electro-mechanical system (MEMS) technology with optical technology appeared in 1980s. Compared with RLG (ring laser gyroscope) and FOG (fiber-optic gyroscope), MOEMS gyroscopes have advantages of small size and light weight. The MOEMS gyroscopes can be categorized into resonant micro-optic gyroscope (RMOG) and interferential micro-optic gyroscope (IMOG). RMOG can be fabricated with light waveguide resonator on silicon substrate, and IMOG can be generally fabricated with light waveguide or mirrors array on silicon substrate to replace the fiber coil.
MOEMS gyroscopes have been studied for more than 20 years. Northrop company started to discuss fabricating light waveguide technology on silicon from 1978, and successfully developed a MOEMS gyroscope with an accuracy of 10
• /h in 1991. Honeywell and the University of Minnesota also developed a feasible RMOG in 2000. The first critical element of the RMOG design is the optical cavity presented by Zhang et al [88] . In order to get a finesse of 300 without adding gain, the cavity and couplers each need to have loss, less than 0.5%, for a 2 cm diameter cavity, a source wavelength of 1550 nm, index of refraction of the cavity of 1.62. This corresponds to a theoretical performance of approximately 0.1
• /h. One approach to an RMOG is shown in figure 23 . The device consists of a low loss circular waveguide, ion-beam deposited onto an ultra low expansion substrate. Two different waveguide materials such as Al 2 O 3 , ZrO 2 and different widths and depths of waveguide resonator have been investigated. Experimental measurements show that 1
• /h performance can be achieved. In 2003, an integrated optic gyroscope fabricated by ion exchange was presented by the University of Arizona [89] . This gyroscope was fabricated in Schott IOG-10 glass with a diameter of 28 mm. It was designed to be single mode at an operating wavelength of 1550 nm using a Ag + -Na + ion exchange process, and the device operates with a shot noise limit sensitivity of 167
• /h. Litton systems put forward an integrated optic gyroscope (IOG) which use multi-layer waveguide coils to replace fiber coils [90] . This IOG can reduce the cost of waveguide coils. AFIT of USA also researched a kind of MEMS interferometric gyroscope (MIG). Mirrors are placed on the die to spiral light inward from the outside to the center of the die thereby increasing the optical path length of the device [91] . In 2003, the University of Alabama used simulation to characterize an all reflective monolithic gyroscopic structure that supports three sets of orthogonal, spatially dense and continuous helical optical paths which enhance the Sagnac effect. This gyroscope differs from current fiber optic and ring laser gyroscopes primarily in the free space multi-turn nature of the optical path. The achievable angular measurement precision for each axis, given ideal components and no gain, is calculated to be 0.001
• /h for a structure of 6.5 cm diameter, 1 W average optical power, and a wavelength of 0.5 μm [92] .
There is a kind of hybrid gyroscope which comprises a hybrid structure with an MEMS-like mechanical resonator to sense the inertial Coriolis force, combined with an optical readout performed by an injection interferometer. As shown in figure 24 , it uses a MEMS resonator, a 600 × 100 μm 2 Si-mass suspended by four Si-springs and connected to two sensingcapacitor combs to validate the hybrid gyroscope. Vibration along the x-axis was obtained by applying a sinusoidal drive voltage to the combs. An injection interferometer is used to sense the mass vibration along the z-axis. The hybrid gyroscope has a potential performance of 0.6
• /h/ √ Hz, and can be improved further by optimizing the mechanical design [93] . In 2008, [94] also proposed a model of micro-gyroscope based on MEMS structures and optic interferometric microdisplacement measurement technique. Using the Coriolis force, the vibrator transfers the system rotation into a forced vibration; the induced vibration can be sensed by the interferometric micro-displacement measurement system.
Atom gyroscopes.
To improve performance of optical gyroscopes, longer optical wavelength is needed. Atom wave becomes another choice instead of optical wave. Atoms in Bose-Einstein condensation (BEC) are very cold and coherent [95] . It is possible to obtain atom laser light of shorter wavelength utilizing laser cooling technology. For atom laser light, their wave can be expressed as
, where M is the atom quality, h is the Planck constant. We can see from the last expression above that the atom gyroscope's theoretical sensitivity is 10 10 times that of the laser gyroscope and FOG. Nowadays, Stanford University, Yale University, MIT of USA and France have researched a lot on atom gyroscopes. In 1997, Gustavson et al developed a Sagnac-effect atom interferometer gyroscope which used stimulated Raman transitions to coherently manipulate atomic wave packets [96] . They used a π/2-π-π/2 pulse sequence to coherently divide, deflect and finally recombine atomic wave packets to form a Mach-Zehnder-type interferometer. The experimental setup is 
Micro-gyroscopes based on nuclear magnetic resonance (NMR)
As shown in figure 26 , if a static magnetic field, H 0 , is applied, the atoms tend to line up along the field lines in either a low or high energy ground state. However, the magnetic moments will not perfectly line up with the field lines. Instead the magnetic moments will rotate about the direction of H 0 at a rate known as the Larmor precession frequency: (b) ( c) (a) Figure 26 . NMRG principle. 
where γ is a constant called the gyroscopemagnetic ratio, which is dependent on the type of material used. If the precession of the nuclear spins is observed in a coordinate frame that rotates about the z-axis at an angular rate ω R , an apparent change in the Larmor frequency is observed:
where ω L is the Larmor frequency of the NMR medium and ω R is the angular rate of the reference frame. Assuming that γ and H 0 are known, the angular rate can thus be measured by monitoring the Larmor frequency [98] .
To date, most countries focused on two kinds of NMRG: optically pumped NMRG and low-temperature superconducting NMRG. In 1979, both Litton and SingerKearfott Company of USA reported optically pumped NMRG samples which were patented [99, 100] . Litton Company adopted 199 Hg and 201 Hg as the operation material, but SingerKearfott Company adopted 129 Xe and 83 Kr as their operation material. At the same time, Stanford University, ARE (Slough) and Sussex University started studying low-temperature superconducting NMRG. The comparison between these gyroscopes is listed in table 13 .
In 2006, Princeton University proposed a new nuclear spin gyroscope based on an alkali-metal-noble-gas comagnetometer. The co-magnetometer consists of a 2.5 cm diameter spherical glass cell that contains a small quantity of potassium, 3 He and N 2 . With a K- 3 He co-magnetometer we demonstrate a rotation sensitivity of 5 × 10 −7 rad/s/ √ Hz, equivalent to a magnetic field sensitivity of 2.5 fT/ √ Hz. The rotation signal can be increased by a factor of 10 using 21 Ne with a smaller magnetic moment. 
Evaluations
Evaluations on micro-gyroscopes
This review mainly presents four different gyroscopes based on Coriolis effect, levitation effect, Sagnac effect and nuclear magnetic resonance (NMR), respectively. Nowadays, the cost of vibrating a micromachined gyroscope based on Coriolis effect is lower and lower with the development of micro-fabrication technology. Micromachined vibratory gyroscopes have advantages in terms of sensitivity, size, weight and fabrication cost. However, they typically rely on the coupling of an excited vibration mode into a secondary mode due to the Coriolis acceleration and the resonant frequencies of the drive and sense mode need to be matched; the prominent issues are as follows 102] . (1) The proof mass usually linked with the suspended structure. To match drive and sense mode well, we need to design the suspended structure symmetrically with 3D microfabrication which is more difficult and more costly. (2) Manufacturing defects have much impact on performance due to the suspended structure. So it is difficult to guarantee the design accuracy of mechanical spring constant, and easy to produce mechanical coupling and quadrature error. (3) Matching frequency between drive mode and sense mode may not only reduce system response bandwidth but also be sensible to system parameters caused by manufacturing defects and environmental conditions alteration, and it is easy to change the natural frequency of drive and sense modes. (4) The closed-loop method, which needs complex circuits, makes it easy to interfere with long-term drift and difficult to maintain frequency matching. Among these vibrating micromachined gyroscopes mentioned in the review, gimbal gyroscopes, tuning-fork gyroscopes and vibrating-ring gyroscopes can only detect the single-axis angular rate. If multi-axis angular rates are required to be detected, vibratingwheel gyroscopes and 5-axis motion sensors are the best choices. However, most of them are in rate-grade level. Decoupled gyroscopes have inherent advantages to help supporting beam structure gyroscopes improve performance. Decoupled gyroscopes can reach the tactical-rate standard, whereas the cost increases because of complex structures.
The future gyroscope will have the following characteristics. With micro-pump or synthetic jet as the core working part, a fluidic micro-gyroscope based on the Coriolis effect does not comprise any other moving parts, which results in higher reliability, durability and anti-shock than traditional micromachined gyroscopes. The reported thermal convective gyroscopes have one common problem: under uneven angular rate condition, both Coriolis force and tangential force induced by angular acceleration cause the gas flow to deflect, so the temperature difference involves both angular rate and angular acceleration, but the reported gyroscopes cannot eliminate the angular acceleration coupling. In addition, they are not based on MEMS, some parts need precision machining, which makes assembly difficult and the device expensive [103] . The SAW gyroscopes [48] [49] [50] [51] [52] and PZT [54] solid gyroscopes reported in this review also have no supporting mechanical structures which are required for the reference vibration. Therefore, both of them can be resistant to external shock and vibration. In addition, SAW gyroscopes are compatible with standard IC fabrication techniques which will be clearly translated to a reduction in cost of development on a large scale. However, to-date there are no conclusive experimental results based on the Kurosawa [48] principle available because of the following issues: (1) the gyroscopic effect of the SAW gyroscope is hard to quantificationally analyze; (2) researchers from different countries still have a divergent MEMS-IDT SAW gyroscope mechanism; (3) optimization of metal dots arrangement is under study. The key problem of the SAWMRG based on SAW gyroscopic effect is how to eliminate inherent insertion loss and ensure good RF characteristics [52] .
Micro-gyroscope based on levitation effect also has no supporting structure. It has some advantages [79, 102, 105] : (1) frequency tuning is not needed because of eliminating the influence of quadrature error; (2) fabrication stress, fabrication error and temperature variation have little impact on unrestrained proof mass. Micro-gyroscopes with a levitated rotor can achieve higher performance, while the scale factor depends on the rotation speed which is constrained by rotor material strength; (3) a gyroscope which can measure accelerometer and angular rate reduces the size and cost of MIMU (micro-inertial measurement unit); (4) adjustment of sensitivity and bandwidth is convenient because system effective spring constant is just related to the levitation force. Nowadays, researchers mainly focus on electrostatic levitation gyroscope which has the potential of high performance. Despite the elecromagnetic levitated gyroscope being popular for a period, it has some inherent characteristics which are difficult to alter. First, eddy currents generate heat. Second, the viscous torque in atmosphere limits the increase of rotation speed. If the gyros were packaged in vacuum, the heat would accumulate. The last one, radial stiffness in open-loop is low, also limits the rotation speed. If a closed loop is applied, it is hard to control the rotor synthetically. A diamagnetic levitated rotor can be levitated stably by itself, and it does not have the problems of the electromagnetic levitated gyroscope mentioned above. Hence the diamagnetic levitated rotor can attain a high rotation speed. For gyroscopes based on levitation effect, the higher the rotation speed, the better for gyroscope performance.
MOEMS gyroscopes can efficiently reduce the size and cost of common optical gyroscopes which are usually too expensive and bulky in many applications. Compared with MEMS gyroscopes, MOEMS gyroscopes can reach higher sensitivity without any moving parts and vacuum encapsulation, and have large dynamic ranges and strong antielectromagnetic interference ability. MOEMS gyroscopes have been under development for about 20 years. However, to date, most of MOEMS gyros have not been successful because the fundamental concept of sensing using the Sagnac principle depends on the length of the circulating light path times the diameter. Thus, small devices have many difficulties achieving reasonable performance [3] . Work is underway to develop low-loss waveguides and extremely narrow-band light sources to meet the needs of IFOG and RMOG, respectively. Nowadays, the atom gyroscope [95] [96] [97] 101] has the potential to become the highest performance gyroscope whose shortterm sensitivity can reach 10 −10 order of magnitude [96] . The key difficulties with the atom gyroscope are the following.
(1) Maintenance of the magneto-optical trap. The magnetooptical trap is the most important equipment for atom cooling and capture, especially in industries. (2) How to export atoms arbitrarily along fixed orientation. The present technology is using a magnetic mirror which can achieve a finite distance. If researchers can overcome these difficulties, the atom gyroscope performance can be higher.
In recent years, the combination of cryogenic superconductor quantum interference device (SQUID) with nuclear magnetic resonance in gyroscope has overcome the difficulty of NMRGs picking-up of weak signal, and it is time to develop NMRG [98] [99] [100] [101] further. The USA has successfully picked up electrostatic gyroscope signals of the GP-B satellite, which obtains 10 −4 order of magnitude Inertial-grade [99] [100] [101] accuracy. With the development of the SQUID technology, the performance of NMRG will be superior to the electrostatic gyroscope, and NMRG has potential advantages to become an inertial-grade gyroscope. Different types of gyroscopes have different classes of performance. As shown in table 14, this review gives the different grades for performance of different types of micro-gyroscopes. In terms of processes, MEMS gyroscopes still mainly adopt MEMS micromachined fabrication technologies, which are comprised of bulk fabrication and surface fabrication. For those gyroscopes in laboratory level, scientific researchers generally adopt bulk micromachined fabrication [8, 10, 13, 18, 30, 31, 33, 34, 38, 59] , surface micromachined fabrication [9, 14, 24] and mixed micromachined fabrication [12, 22] to manufacture gyroscopes. Mixed micromachined fabrication means that the whole process includes not only bulk fabrication but also surface fabrication, and that method varied according to different gyroscope structures. It is certain that bulk fabrication process accounts for most parts of gyroscope processes because bulk micromachining can fabricate structures of higher aspect ratios required by gyroscopes. Some laboratories sometimes utilize standard processes to fabricate their gyroscopes such as dissolved wafer processing [11, 20] and lift-off processing [49] [50] [51] . When using the dissolved wafer process, this first entails creating structures inside the silicon wafer with boron diffusion. The wafer is then attached to a substrate, and the non-borondoped portions of the wafer are dissolved, leaving a device created from the structures that were built into the wafer. In terms of lift-off process, an inverse pattern is first created in the sacrificial stencil layer, deposited on the surface of the substrate. This is done by etching openings through the layer so that the target material can reach the surface of the substrate in those regions where the final pattern is to be created. The target material is deposited over the whole area of the wafer. When the sacrificial layer is washed away, the material on the top is lifted off and washed together with the sacrificial layer below. After the lift-off, the target material remains only in the regions where it was in direct contact with the substrate. For those commercial gyroscopes, manufacturers often consign products to MEMS foundries, and they are responsible for circuit design and package solutions to reduce the cost. STM and TI etc were the most profitable MEMS foundries in the world last year.
Micro-gyroscope application in commercial market
In the past ten years, automobile market has dominated MEMS inertial sensors including micro-accelerometer and micro-gyroscope application fields which are expected to achieve a 5% annual growth rate during the 2006-2011 period. Yole Développement released an exhaustive analysis on accelerometers and gyroscopes markets, and this global analysis can be purchased as two separate reports or as a bundle: (1) high performance MEMS for automotive, medical, industrial, aeronautic and defense applications; (2) accelerometers and gyroscopes for consumer applications. Yole Développement forecast that the MEMS gyroscope market would be expected to generate in the range of 800M$ value in 2010. As far as we know, the traditional gyroscope market players consist of ADI, BEI Technologies, Sensors, Boch and the like. However, with the expanding gyroscope market, some new entrants such as Melexis, STM, Invensense join in and show a stronger competition advantage [104] .
MEMS gyroscopes in automotive applications include three aspects: anti-rollover systems for airbag systems, GPS navigation and electronic stability program (ESP) system. In automotive application of commercial gyroscopes, Bosch is the most representative manufacturer. The first ESP system was released in 1995 as an option for the Mercedes SL and S class. In 2006, the ESP installation rate by new car registration in Germany grew to a value above 75%. The first industrial ESP system worldwide came from Robert Bosch GmbH in 1995. It made use of a vibrating metal cylinder for detecting the angular rate. The metal cylinder was replaced in 1998 by [107] . Series production of a rollover gyroscope sensor developed by Bosch [108] had already started in 2001. Since then, Bosch has released two generations of rollover gyroscopes for production [109] . DRS MM2 is the representative product of the second generation, which is also suitable for automotive navigation systems. A comparison of some key properties and parameters among MM1-MM3 is listed in table 15. The progress in automotive systems will of course continue to create technical demands for MEMS gyroscopes. Two major requirements can clearly be seen: (1) further reduction in size of the sensor elements, the ASICs and, in consequence, the packages; (2) the integration of several inertial sensor axes in one device (multi-axes gyroscopes, or combination of accelerometer and gyroscope functionalities in a single device) [110] .
In the present and future gyroscope market, consumer application must take up a large part of whole gyroscope production. Five consumer applications will integrate MEMS gyroscopes: camcorder stabilization, camera stabilization, cell phone stabilization, video games, and navigation for small electronics. In contrast to automobile application, the requirement of consumer application's performance index is lower. For instance, the failure rate of the auto ESP System with accelerometer must be lower than 50 ppm; however, the failure rate allowed for a cell phone maker is 5000 ppm. So some sensor makers can reduce cost by lowering accuracy and reliability. MEMS gyroscopes are emerging at a very fast pace in consumer electronics products. Since 1998, MEMS gyroscopes were widely integrated into camcorders to provide optical stabilization features. In 2006, Nintendo Wii's motion sensing remote control gave, for the first time, public visibility to inertial MEMS. Nowadays, the minimum single-axis commercial gyroscope shown in figure 27(a) has 21 mm 3 volume which is produced by Seiko Epson in 2004. This gyro is fabricated with quartz, and it can work in the temperature range −20
• C-80
• C, working current is 2.1 mA, working voltage is 2.7-3.3 V. It can achieve 100 ppm G −1 sensitivity and 1 mG resolution at 1g acceleration [111] . In 2008, InvenSense announced the introduction of the IDG-1100 family of dual-axis gyroscopes, the world's smallest solution at 4 × 5 × 1.2 mm 3 which is 25% smaller than any competing dual-axis gyro solution on the market today. Using an integrated, single-chip solution enables both X and Y sensing elements to be simultaneously fabricated on the same silicon. Furthermore, by providing complete hermetic sealing of the sensing elements at wafer level, the integrity of the sensitive moving parts is preserved throughout the life of the product, making it insensitive to a humid environment. Finally, using bulk silicon MEMS technology provides for a robust solution that is capable of handling shocks as high as 10 000g, which is crucial for most portable consumer electronics vulnerable to frequent drops on hard surfaces [112] . In 2009, InvenSense again introduced the world's first 6-axis MEMS-based motion processing solution, which delivers the smallest, most robust inertial measurement unit (IMU) for CE applications. This solution is comprised of the company's IDG TM dual-axis family of roll and pitch gyros, its new single-axis ISZ TM yaw gyro sensor family and the newly released IME-3000 TM 3-axis accelerometer with three analog inputs. The InvenSense 6-axis motion processing solution block diagram is listed in figure 27(b) . The device functionality of the 6-axis motion processing parts is summarized in table 16 [113] . The SAES Getters cooperated with STM to begin to develop the next generation gyroscope. The new gyroscopes will complement ST's portfolio of 2-and 3-axis MEMS accelerometers to offer customers a complete inertial sensor platform. Combining small size, high sensitivity and low power consumption, ST's MEMS gyro promises to enable new uses for a wide range of consumer applications (such as mobile phones, portable devices, MP3/MP4 players, PDAs and gaming and navigation devices), a market in which analysts predict a strong growth [114] .
The average price of a MEMS gyro in defense application is 4 to 5 times higher than that in automotive applications, and more that 15 times the ASP of consumer applications. Defense and aeronautic applications include missiles guidance, general aviation instruments, platform stabilization, land navigation and smart munitions in the future. Two key defense-related applications for gyros are munitions and unmanned vehicles, both of which are seeing tremendous growth. MEMS' role in smart munitions has come about as a result of IMUs that are smaller and less expensive than those based on RLG or FOG technologies. MEMS-based inertial navigation systems provide accurate, jam-resistant guidance for artillery shells, bombs, missiles and torpedoes, allowing for precision attacks in any weather, day or night. FOGs for all classes of performance have been in development at Honeywell since the mid 1980s. Honeywell had manufactured over 10 000 open loop polarization maintaining (PM) FOGs for commercial aviation by the turn of the century. In most recent years, our efforts have been focused on high performance and high precision gyros with remarkable success. Honeywell High Precision (HP) gyros have been delivered on one space program and a second space program is under way [115] .
Controlling/monitoring human body movement, e.g., gait analysis, back movement, shoulder movement, general ambulatory monitoring. Such applications require a small, light gyroscope that can detect joint movement without affecting it. That sensor can be used as part of a system to control implants, trigger alarms, set regulatory limits for lifting etc, or train people to reduce muscle strain. In 2008, SensorDynamics announced the launch of its standard plastic package SOIC28, the SD721 MEMS gyroscope. Its zero rate bias is 0 ± 0.5
• /s, temperature drift zero rate bias is ±1
• /s, sensitivity error and cross-axis sensitivity are all ±2
• /s. Closely integrated, high mechanical strength and long-term stability make this gyroscope especially suitable for industrial, medical in the processing of the analysis of stability and movement applications [116] . In the same year, ADI launched two new inertial sensors which integrated gyroscopes. ADIS16405 and ADIS16300 can be used in medical equipment and instruments in a variety of applications with reasonable prices to achieve the complexity of movement and navigation control. The price of ADIS16405 and ADIS16300 is only 1/10 of similar products. ADIS16405 has 2.0
• / √ h angle random walk and 40 ppm • C −1 temperature stability [117, 129] .
Micro-gyroscope in patents
Most commercial gyroscopes emerging in patents are vibrating micromachined gyroscopes based on the Coriolis force. The earlier vibrating gyroscopes emerging in patents mostly have structure differences such as tuning-fork gyroscopes. For example, US 5349855 [74] gave a microfabricated tuning fork rate sensitive structure and drive electronics in which vibrational forces are communicated through a set of meshing drive and driven finger electrodes associated with each of the two vibrating elements. US 6018997 [118] also proposed a vibration gyro which is equipped with an oscillator in which slits are made in a flat-plate piezoelectric board to form a tuning fork section. Research people tried to improve the performance through changing vibrating gyroscope structures. For instance, US 7281425 [119] announced a Coriolis force gyroscope with high sensitivity. That gyro employed of piezoelectric transducer both for driving and sensing the vibration of the vibrating member and can be started up much more quickly, consumes much less power than traditional gyroscopes of the spinning wheel type and has no bearings which could be susceptible to wear. With the discovery of quadrature error, research people began to utilize decoupling methods to resolve problems caused by vibration structure. US 6796178 [120] presented a decoupled MEMS gyroscope including a drive body movable about the X-axis, a sensing body movable about the Z-axis, a medium body moving together with the drive body about the X-axis and the sensing body about the Z-axis. Decoupled structures effectively reduce the influence of the quadrature error.
The levitation gyroscope is a kind of high performance gyro for the future. Levitation gyroscopes include two procedures of levitation and rotation. The different matches between different levitation and rotation patterns can form different gyroscopes. The usual levitation methods consist of eddy current, electrostatic levitation, diamagnetic levitation, and the common driving methods include eddy current, variable capacity, superconductors, electric charge and so on.
US 5353656 [121] first introduced an integrated electrostatically controlled micromechanical gyroscope with a rotor encompassed within a rotor cavity and electrostatically spun within the cavity in 1992. Shearwood et al also proposed a levitation gyroscope with coils resulting in eddy current in EP 0819337 [122] . This gyroscope adopted coils to produce a rotation magnetic field, based on superconductor levitation. CN1712895 [123] introduces a micro-gyroscope of permanent magnet rotor stably suspended by high temperature superconductor. This gyroscope is prepared by setting gyroscope bottom shell on piqued nitrogen Dewar through a support column. CN101021419-A [124] claims a diamagnetic suspended rotor miniature gyroscope driven electrostatically in micro-electromechanical technology field based on the diamagnetic levitation principle.
Unlike the gyroscopes mentioned above, some new gyroscopes such as gas gyroscope, solid-state gyroscope, SAW gyroscope and atomic gyroscope still remain at the laboratory level. Some patents delivered this gyroscope technology. In US 5012676 [125] , Takahashi et al provided a gas rate sensor system which provides an output signal representing an angular velocity of the gas rate sensor when the gas flows more on one of its thermal sensing elements than on the other due to the effect of the angular velocity on the gas flow. Patents [47] and US 6516665 [126] put forward the early form of SAW gyroscope which can offer greater sensitivity by providing a differential signal. US 4884446 [127] gives us a solid state vibrating angular rate sensor which is formed by a transducer and associated electronics as early as 1988. The transducer consists of two parallel beams with attached proof masses, which are angularly vibrated about respective proof masses center of gravity in a first plane. Rotation of the gyro about its input axis results in Coriolis moments causing vibration in a plane normal to the first plane. A torque is applied to restrain the vibration of the proof masses to the first plane. A voltage proportional to this torque is demodulated and filtered and output as a voltage proportional to the angular input rate. Whereas US 7359059 [128] proposed a new chip scale atomic gyroscope and methods for sensing and measuring the mechanical rotation of an object. This gyroscope includes a vapor cell having a vapor cavity adapted to contain a vaporized source of alkali-metal atoms, noble gas atoms and one or more buffer gases.
Conclusions
As shown before, the research work on micromachined vibrating gyroscopes started in the 1980s, using quartz as the main material. In the following several decades, with the increasing development of market requirement, consumers expect the cost to be lower and lower and performance higher and higher. As a result the micro-gyroscope has been constantly improved in structures, performance and principle. However, there is an abundance of room for improving the performance of micro-gyroscopes and making them cost effective for further commercialization. In this review, different principles, structures, materials, fabrications and control technologies of micro-gyroscopes are analyzed and compared. Following these analyses and comparisons, the key technologies of different gyroscopes and available gyroscopes on the market and patents are evaluated at the end of the review.
Breakthrough ideas to improve performance not only lie in fabrication processes, materials and design structures, but also lie in new principles. From this viewpoint, decoupled vibrating gyroscopes and electrostatically levitated gyroscopes will be the hottest in the future. From comparing different structures of micro-gyroscopes and their operations, we can see the atom gyroscope having the potential to have the highest performance in the near future.
